Grazing by zooplankton can maintain diversity in phytoplankton communities by allowing coexistence between competitors in situations that would otherwise lead to competitive exclusion. In mathematical models, grazing is represented by a functional response that describes the consumption rate by an individual zooplankter as a function of phytoplankton concentration. Since its initial description, the Kill-the-Winner functional response has been increasingly adopted for large-scale biogeochemical modeling. Here, we analyze how two properties of the Kill-the-Winner functional response-preference and switching-interact to promote coexistence and increase diversity in two simple models: a diamond-shaped nutrient-phytoplankton-zooplankton model and a size-structured phytoplankton community model. We found that, compared to preference, switching leads to coexistence and increased diversity over a much wider range of environmental conditions (nutrient supply and mixing rate). In the absence of switching, preference only allows for coexistence within the narrow range of environmental conditions where the preference is precisely balanced against the competitive difference between phytoplankton types. We also explored a counterintuitive aspect of the Kill-the-Winner functional response that we have termed "synergistic grazing". Synergistic grazing occurs when the grazing rate on one phytoplankton type increases as the biomass of an alternative phytoplankton type increases. This unrealistic effect is most evident when switching is strong and when zooplankton have a preference for the weaker competitor.
unrealistic [16] . One such characteristic is antagonistic feeding, in which a zooplankter 48 has a higher total consumption rate when feeding on a single phytoplankton type than 49 it would when the same total phytoplankton biomass is divided among many different 50 types [21] . To avoid antagonistic feeding, Vallina et al. [20] developed an alternative 51 formulation, the Kill-the-Winner (KTW) functional response. Since its publication, the 52 KTW functional response has become a popular way to include switching behavior in a 53 variety of models [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
available types in the environment via switching. Switching represents some behavioral 73 change in the zooplankton that occurs in response to a variable phytoplankton 74 community. Such responses include changing feeding strategies or learning how to 75 capture or handle a particular phytoplankton type more efficiently [18, 20] . 76 The KTW functional response includes both preference and switching. It defines the 77 per capita grazing rate on phytoplankton type P i as 78 G i = g max ρ i P α i n j=1 ρ j P α j n j=1 ρ j P j k sat + n j=1 ρ j P j (1) [20] . G i has two components. One component, g max n j=1 ρ j P j /(k sat + n j=1 ρ j P j ), 79 represents the total grazing rate as it depends upon the total preference-weighted 80 biomass of the n phytoplankton types. It takes the form of a typical Holling Type II 81 functional response with a maximum consumption rate g max and half-saturation 82 constant k sat . The preference for phytoplankton type i is ρ i . If the zooplankter has no 83 preference for any phytoplankton type then all the values of ρ i are equal. If the 84 zooplankter does have a preference for a phytoplankton type, then the values of the ρ i 85 will not all be equal; a larger value of ρ i indicates a stronger preference for type i. 86 The other component, ρ i P α i / n j=1 ρ j P α j , specifies the portion of the total grazing 87 rate that is applied to the ith phytoplankton type. The value of α controls the 88 switching behavior. If the zooplankter does not exhibit switching, then α = 1. When 89 α > 1, the zooplankter exhibits some degree of switching with larger values of α 90 corresponding to stronger switching behaviors. For very large values of α, the grazing 91 pressure is concentrated entirely on the most abundant phytoplankton type. In prior 92 work, the KTW functional response has only been examined for α = 2 [20] .
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If the zooplankter exhibits neither preference nor any switching behavior, then the 94 proportion of a phytoplankton type in the zooplankter's diet will be equal to that type's 95 proportion in the environment (Fig 1, solid black line ). If the zooplankter exhibits 96 preference for a phytoplankton type, but no switching, then the proportion of a 97 phytoplankton type in the zooplankter's diet will be higher than its proportion in the 98 environment (Fig 1, solid blue line ). If the zooplankter exhibits switching, then the 99 proportion of a phytoplankton type in the zooplankter's diet will change from less than 100 expected to greater than expected (relative to the case where the zooplankter has no 101 preference or switching) as the proportion of that type in the environment increases 102 (Fig 1, dashed lines) . Switching to the more common phytoplankton type occurs at a 103 lower proportional abundance if the zooplankter has a preference for that type, and at a 104 higher proportional abundance if it has a preference for other types. Characteristics of the KTW functional response using different combinations of preference and switching. The proportion of P 1 in a zooplankter's diet as a function of the proportion of P 1 in the environment based on Eq 1 and assuming two phytoplankton types. The different curves show different combinations of preference and switching: (a) neither preference nor switching (ρ 1 = ρ 2 , α = 1), (b) switching without preference (ρ 1 = ρ 2 , α > 1), (c) preference for P 1 without switching (ρ 1 > ρ 2 , α = 1), (d) preference for P 1 with switching (ρ 1 > ρ 2 , α > 1), (e) preference for P 2 without switching (ρ 1 < ρ 2 , α = 1), (f) preference for P 2 with switching (ρ 1 < ρ 2 , α > 1).
The diamond-shaped food web model 106 Switching and preference can have dramatic effects on the dynamics of plankton food 107 web models. As a relatively simple example, consider the following diamond-shaped 108 food web with one nutrient resource (N ), two competing phytoplankton types (P 1 and 109 P 2 ), and a single zooplankton species (Z) that feeds upon both phytoplankton. The 110 model assumes a constant and well-mixed environment, such as the mixed layer in a 111 pelagic water column. Nutrients are supplied to the mixed layer through vertical mixing 112 with the deep ocean. This influx water has a nutrient concentration N 0 and is supplied 113 at a rate D. Nutrients and phytoplankton are mixed out of the water column at the 114 same rate D. We assume that zooplankton are relatively strong swimmers and are not 115 mixed out. The maximum growth rates of P 1 and P 2 are given by µ 1 and µ 2 . Nutrient 116 uptake by the phytoplankton follows Monod kinetics with half-saturation constants k 1 117 and k 2 . The phytoplankton non-grazing mortality rate is given by m p and the mortality 118 of the zooplankton is given by m z . γ is the growth efficiency of the zooplankton. The 119 dynamics of this food web are given by
Coexistence dynamics in the diamond-shaped food web model 121
In the absence of any grazing (i.e., when Z = 0), the phytoplankton type that is the 122 better competitor for nutrients will eventually exclude the other phytoplankton type in 123 model (2)-(5) [33] . We define the value
as a metric for the competitive ability of a phytoplankton type. If λ i < λ j , then P i is a 125 stronger competitor for nutrients than P j and P i will drive P j to extinction [33] . We 126 chose µ 1 > µ 2 and k 1 < k 2 to satisfy the criteria that P 1 is the stronger competitor 127 (Table 1) . Zooplankton preference and switching may allow for coexistence between P 1 128 and P 2 in situations where, in the absence of the zooplankton, P 1 would drive P 2 to extinction. Consider the scenario where P 2 = 0; the equilibrium point of the linear food 130 chain composed of N , P 1 , and Z is given by
Near this equilibrium point, the dynamics of P 2 are given by the linearization of model 132 (2)- (5) . The population of type P 2 will grow (or shrink) according to the invasion 133 growth rate r-the per capita growth rate of P 2 when P 2 ≈ 0:
If r > 0, then P 2 can successfully invade the system.
135
Note that the term ρ2gmaxZ * ksat+ρ1P * 1 in Eq 10 is always positive, so the growth of a 136 phytoplankton type when its density is near zero is strictly greater when the 137 zooplankton grazer displays switching. Switching behavior, therefore, is a kind of 138 density-dependent mortality that provides a refuge for phytoplankton at low densities. 139 Eq 10 suggests that there exist some values of ρ i and α such that r > 0 even when 140 λ 2 < λ 1 . Stated differently, a weaker phytoplankton competitor should be able to invade 141 the equilibrium of a stronger phytoplankton competitor under certain grazing conditions. 142 We explored this hypothesis further by simulating the diamond-shaped food web model 143 in each of six test cases which cover different combinations of preference and switching. 144
Case 1: control scenario, no preference (ρ 1 = ρ 2 = 1) and no switching (α = 1) 145 Case 2: preference for P 1 (ρ 1 = 1, ρ 2 = 0.5) without switching (α = 1) 146 Case 3: preference for P 2 (ρ 1 = 0.5, ρ 2 = 1) without switching (α = 1) 147 Case 4: no preference (ρ 1 = ρ 2 = 1) with switching (α = 2) 148 Case 5: preference for P 1 (ρ 1 = 1, ρ 2 = 0.5) with switching (α = 2) 149 Case 6: preference for P 2 (ρ 1 = 0.5, ρ 2 = 1) with switching (α = 2)
150
For each case, we simulated model (2)-(5) over a range of input nutrient 151 concentrations (N 0 ) and mixing rates (D) using random initial conditions drawn from 152 uniform distributions. We observed four possible asymptotic outcomes: (1) P 1 drives P 2 153 to extinction, (2) P 2 drives P 1 to extinction, (3) P 1 and P 2 exist in a stable equilibrium, 154 or (4) P 1 and P 2 exist in an unstable equilibrium characterized by oscillations. For 155 these simulations, P 1 was the stronger competitor and P 2 was the weaker competitor.
156
These simulations suggest that coexistence is possible in the diamond-shaped food Table 1 . Parameter values used to simulate the diamond-shaped food web model (2)-(5) Parameter Description Value Units N 0 influx water nutrient concentration (1, 15) 
competing phytoplankton types. In contrast, for Cases 4-6, where zooplankton exhibit 164 switching, coexistence occurs over a wider range of environmental conditions, indicating 165 that switching is a robust mechanism for promoting coexistence. Finally, there was only 166 one case in which the weaker phytoplankton type drove the stronger phytoplankton 167 type to extinction (Fig 2) . When zooplankton have a preference for the stronger 168 phytoplankton and display no switching (Case 2), P 2 > 0 and P 1 = 0 at equilibrium.
169
The simulation results were consistent with our predictions based on Eq 10. The r = 0 170 line where the invasion growth rate for the weaker competitor changes from negative to 171 positive corresponds to the boundary between the region of the parameter space where 172 the model is asymptotically stable with P 2 = 0 and the region where stable coexistence 173 between P 1 and P 2 occurs (Fig 2) . Synergistic grazing in the diamond-shaped food web model 175 The KTW functional response has one characteristic that bears particular attention.
176
The grazing rate on one phytoplankton type can increase as the density of an alternative 177 phytoplankton type increases (Fig 3) . Here, we coin the term synergistic grazing to 178 describe this phenomenon. Mathematically, synergistic grazing occurs when dGi dPj > 0 for 179 i = j. Synergistic grazing is not unique to the KTW functional response [16] . In the KTW functional response, zooplankton total ingestion rate depends on the 181 total available phytoplankton biomass independent of the proportions of different 182 phytoplankton types (Eq 1). The ingestion rate of individual phytoplankton types, or the distribution of the total grazing pressure, depends on the proportion of a 184 phytoplankton type in the environment and on the zooplankton preference.
185
Consider the scenario in which we begin with only one phytoplankton type (P 1 ) and 186 we calculate the grazing rate on P 1 as we introduce a secondary phytoplankton type 187 (P 2 ). The total grazing rate must increase because the total phytoplankton biomass is 188 increasing. However, if switching is strong (α >> 1), then the distribution of grazing 189 pressure will be heavily skewed towards P 1 since P 2 exists at low densities in the 190 environment. In this case, the grazing rate on P 1 will increase as P 2 is introduced even 191 though the density of P 1 is being held constant. Perhaps counterintuitively, synergistic 192 grazing has a stronger effect when the predator has a strong preference for the less 193 abundant phytoplankton type because the value of ρ i acts as a modifier of the "effective 194 biomass" in the system. Therefore, if ρ 2 is large, then more effective biomass is added 195 to the system when P 2 is introduced and the grazing rate changes faster than it would if 196 the zooplankton had a lower preference for P 2 .
197
Synergistic grazing alters the dynamics of the diamond-shaped food web model in 198 interesting ways. It has a larger effect when switching behavior is stronger (Fig 3) and 199 in some cases can result in coexistence criteria that are counterintuitive. For example, 200 in a model with no switching, the invasion growth rate of P 2 will decrease as the 201 zooplankton preference for P 2 increases (Fig 3) . However, when switching is included, 202 the invasion growth rate is independent of ρ 2 , meaning that P 2 will be able to invade 203 the system no matter how large the grazer preference for P 2 becomes. This occurs 204 because switching creates a grazing refuge for phytoplankton at low densities. Grazer 205 preference has no effect when a phytoplankton type is rare because all of the grazing is 206 focused on the more common phytoplankton type.
207
The size-structured phytoplankton model 208 Phytoplankton communities rarely exist as only two types, but instead are commonly 209 composed of many different types coexisting simultaneously. Size is a particularly 210 important trait for structuring these communities since cell size is related to many 211 important characteristics of phytoplankton, including growth rates and nutrient 212 affinities [45] . To explore the effects of zooplankton preference and switching on 213 phytoplankton communities structured by cell size, we extended the model above to an 214 NPZ model that includes an arbitrary number of phytoplankton size classes. This new 215 model maintains a single zooplankton species that distributes grazing pressure across all 216 phytoplankton size classes according to the KTW functional response. The 217 size-structured model is written as
The parameters µ i and k i are the growth rate and nutrient affinity for each 219 phytoplankton size class. We chose to scale these parameters allometrically (see Table 2 ) 220 such that the smallest phytoplankton size classes have the largest µ and the smallest k 221 following previous size-structured phytoplankton models [34, 35] . As size increases, 222 competitive ability decreases. Other parameters used to simulate the model are similar 223 to those selected for the diamond-shaped model ( Table 2 ).
Our analysis of the diamond-shaped food web model indicated that coexistence 225 mediated by preference alone was possible for only a small set of environmental 226 conditions. During preliminary analysis of the size-structured model, we found a similar 227 result -namely, that preference alone would result in coexistence only if grazer 228 preference was carefully balanced against the competitive imbalance between 229 phytoplankton size classes. Additionally, this balance was significantly more difficult to 230 achieve in the size-structured model due to the increased number of phytoplankton types 231 compared to the diamond-shaped food web model. For this reason, we have chosen to 232 focus on the scenarios that include switching, which allows coexistence over a much 233 broader range of parameter values and environmental conditions compared to preference 234 alone. We defined three new cases that all included zooplankton switching (α = 2). The distribution of grazer preference between size classes is more complex in model 239 (11)- (13) . For Case 7 (no preference), by definition, ρ i is equal across all size classes.
240
For Case 8 (preference for smaller size classes), we set ρ i to decrease linearly across size 241 classes. For Case 9 (preference for larger size classes), we set ρ i to increase linearly 242 across size classes. Taking ρ 1 and ρ n as the preference for the largest and smallest size 243 classes, then ρ i for each size class is [20] . With that same assumption, we find that coexistence between at least two 246 phytoplankton size classes is possible in Cases 7 and 8, as long as the influx water 247 nutrient concentration (N 0 ) is large enough (Fig 4) . In Case 9, the smallest 248 phytoplankton size class dominated and excluded all other size classes. In all of these 249 simulations, the smallest phytoplankton size class is always the only one to exist by 250 itself at low nutrient input rates and larger size classes are added in order of increasing 251 size as N 0 increases (Fig 4) . 252 We further explored how variable switching strength affected diversity by simulating 253 the size-structured model for α = 1 to 3. In these simulations, we also considered a Simulations of the size-structured phytoplankton community model. We simulated model (11)-(13) with ten phytoplankton size classes for 30 values of N 0 ranging from 1-15 mmolN m −3 . We chose initial conditions at random from uniform distributions (N (0) ∼ U [0, 15], P i (0) ∼ U [0, 2], Z(0) ∼ U [0, 10]), and simulated the model from t = 0 to t = 10, 000 days. Each bar represents the steady-state phytoplankton community for a given value of N 0 . The height of the bar gives the total phytoplankton biomass and the bar is color coded by the cell volume of a given size class. Case 7 includes switching without preference (ρ 1 = ρ 10 = 1, α = 2), Case 8 includes switching with preference for smaller size classes (ρ 1 = 1, ρ 10 = 0.5, α = 2), and Case 9 includes switching with preference for larger size classes (ρ 1 = 0.5, ρ 10 = 1, α = 2). equals zero corresponds to Case 7 and values greater than zero correspond to Case 8 256 ( Fig 5) . Phytoplankton diversity, as represented by the number of coexisting size classes 257 at steady state, is higher under stronger zooplankton switching and increased relative 258 preference for smaller phytoplankton size classes. For Case 9, where zooplankton have 259 preference for larger size classes, we found a counterintuitive relationship between 260 preference and its impacts on phytoplankton size structure; we treat this in more detail 261 in the next section. Zooplankton switching and preference for smaller phytoplankton size classes increase phytoplankton diversity. Phytoplankton diversity in model (11)-(13) as a function of the strength of zooplankton switching (α) and the difference between zooplankton preference for the smallest and largest size classes (ρ 1 − ρ 10 ). A larger difference indicates a stronger relative preference for smaller phytoplankton size classes.
Synergistic grazing in the size-structured model 263 The counterintuitive effects of synergistic grazing emerge when zooplankton prefer 264 larger phytoplankton size classes (Case 9). To emphasize this effect, we simulated the 265 size structured model using very strong switching, because the effects of synergistic 266 grazing are more evident when α is larger. Intuitively, we expect that increased 267 zooplankton preference for large size classes will make it harder for these size classes to 268 persist, since larger cells are weaker competitors for nutrients to begin with. However, 269 because of the effects of synergistic grazing in the KTW functional response, we actually 270 found that larger size classes benefited from increased grazer preference when switching 271 was very strong. 272 We ran a series of simulations of the size-structured model using α = 10 and 273 different values of relative preference for larger size classes (ρ n − ρ 1 ) where relative 274 preference equals zero corresponds to Case 7 and positive values correspond to Case 9 275 (Fig 6) . Contrary to our expectation, an increased relative preference for larger size Strong switching results in grazing pressure that is heavily skewed towards the 281 smaller size classes since they compose the majority of the phytoplankton biomass. This 282 creates a scenario in which the grazing pressure on large size classes is low (due to their 283 very low densities), even when there is strong preference for large size classes. Instead, 284 strong preference for larger size classes increases the total preference-weighted biomass 285 in the system, resulting in a higher overall grazing rate. A higher grazing rate actually 286 Fig 6. Synergistic grazing in the size-structured phytoplankton community model. Mean biomass concentration in each of the ten phytoplankton size classes over the steady-state limit cycle as a function of the difference between zooplankton preference for the largest and smallest size classes (ρ 10 − ρ 1 ). A larger difference indicates a stronger relative preference for larger phytoplankton size classes. Each line is labeled, with one referring to the smallest size class and ten referring to the largest size class. For these simulations, α = 10.
favors the larger size classes since strong switching ensures that most of the grazing is 287 focused on the smaller, more abundant phytoplankton types.
288

Discussion
289
Predator switching behavior is frequently observed in laboratory and field 290 studies [14, [36] [37] [38] [39] ; modeling work has shown that it stabilizes dynamics and increases 291 diversity [8, 19, 20, 40] . Gentleman et al. [16] provide a thorough review of the functional 292 responses commonly used in biogeochemical models, many of which include grazer 293 preference and switching. Here, we analyzed the KTW functional response to evaluate 294 the mechanisms by which preference and switching allow coexistence under 295 circumstances that would otherwise lead to competitive exclusion. We have extended 296 the work of Vallina et al. [20] by examining how the functional response behaves on the 297 scale of competition between individual phytoplankton types. We have also identified 298 and discussed an important characteristic of the functional response, which we have 299 termed "synergistic grazing." Synergistic grazing can result in biologically 300 counterintuitive dynamics, particularly when strong switching is combined with 301 preference for weaker competitors. 302 We found that the KTW functional response allowed for grazer-mediated coexistence 303 through both grazer preference and switching as independent mechanisms. Switching 304 was generally the more powerful mechanism for generating coexistence, allowing for 305 coexistence between competing phytoplankton types across a broad set of environmental 306 conditions. In contrast, grazer preference in the absence of switching must be carefully 307 balanced with the competitive ability of the phytoplankton types to allow for 308 coexistence. When combining both zooplankton preference and switching in the KTW 309 parameterization, caution is warranted as the interaction can produce some unexpected 310 behaviors. Synergistic grazing is an example of a potentially problematic characteristic 311 that emerges as a result of the interaction between zooplankton preference and 312 switching. The effects of synergistic grazing are most evident when switching is strong 313 and when zooplankton have a preference for the weaker competitor. It is worth noting 314 that synergistic grazing arises directly from the fact that total grazing rate and the 315 distribution of the total grazing rate onto individual phytoplankton types are calculated 316 as independent terms. This functional form was chosen specifically to avoid the problem 317 of antagonistic grazing [20] , another example of a problematic characteristic of grazing 318 functional responses. Therefore, it appears that there is a trade-off between functional 319 responses that display antagonistic grazing and the KTW functional response, which 320 does not display antagonistic grazing, but does include synergistic grazing. To date, we 321 are not aware of any functional response that includes a representation of switching 322 behavior and displays neither antagonistic grazing nor synergistic grazing [16] . 323 Conceptually, the switching functional response used in this model could represent 324 multiple ecological mechanisms that all have the same emergent behavior: 325 frequency-dependent differential grazing on multiple available phytoplankton types. The 326 classical view of switching is that it arises from zooplankton behavior such as changes in 327 November 13, 2019 10/14 feeding strategy or time budget optimization in response to a variable phytoplankton 328 community [41] [42] [43] . Alternatively, the zooplankton represented in this model could be 329 viewed as a generalized grazer community rather than a single species. Under this 330 scenario, the switching "behaviors" represent internal changes in the composition of the 331 zooplankton community as the composition of the phytoplankton community evolves 332 through time. When one phytoplankton type becomes very abundant, specialized 333 predators of that type also become more abundant and the integrated grazer community 334 becomes more efficient at grazing that phytoplankton type. Conversely, when a 335 phytoplankton type is rare, its specialized predators will also be rare and the proportion 336 of total grazing pressure on this phytoplankton type will be small. From either 337 perspective, the mathematical consequences are the same and so the parameterizations 338 used here could be used to represent either ecological scenario.
339
Marine ecologists have long acknowledged the role that cell size plays in structuring 340 phytoplankton communities [44] . Observations from a variety of diverse biogeochemical 341 regimes have consistently shown an inverse relationship between cell size and 342 phytoplankton abundance [45] . Furthermore, the fractional abundance of small cells in 343 a phytoplankton community increases as total biomass decreases [45] . There has been 344 some debate among ecologists as to exactly what environmental factors control 345 phytoplankton community size structure, some claiming that nutrient supply alone is 346 sufficient to explain the variability [46, 47] , while others argue that temperature has an 347 important effect [48] . Our analysis highlights another layer in this debate; grazing 348 pressure, particularly when zooplankton display preference or switching, can play an 349 important role in structuring phytoplankton communities. The inclusion of preference 350 and switching behaviors increases phytoplankton diversity and restrains the dominance 351 of smaller cells that, generally speaking, are stronger competitors for nutrients. 
